INTRODUCTION
Maximum horizontal stress ( Hmax ) orientations in continental Australia are variable and do not parallel the northnortheast direction of absolute plate motion (Zoback et al. 1989; Richardson 1992; Hillis & Reynolds 2000) . In contrast, other continental areas such as Western Europe, South America and stable North America have relatively uniform Hmax orientations that do parallel the direction of absolute plate motion (Zoback et al. 1989; Richardson 1992; Gölke & Coblentz 1996) . In these continental areas the alignment of Hmax orientations and the direction of absolute plate motion has led to the conclusion that plate-boundary forces (ridge push and basal shear) are the principal control on the character of the first-order intraplate stress field (Zoback et al. 1989; Richardson 1992; Coblentz & Richardson 1996; Gölke & Coblentz 1996) . The lack of parallelism between Hmax orientations and the direction of absolute plate motion in Australia might lead to the conclusion that the plateboundary forces do not exert the same first-order control on the intraplate stress field. However, results from finite-element studies have shown that the Australian intraplate stress field can indeed be broadly accounted for in terms of plate-boundary forces if the heterogeneous convergent northeastern boundary of the Indo-Australian Plate is recognised (Cloetingh & Wortel 1986; Coblentz et al. , 1998 . These studies focused on evaluating the relative contribution of topographic and plate-boundary forces on the intraplate stress field for a very limited number of models and used a qualitative comparison between the predicted and observed stresses. Furthermore, these studies failed to develop a satisfactory model of the entire intraplate stress field of continental Australia.
The present study builds on these previous modelling studies by conducting a detailed investigation into the nature of the boundary forces along the northeastern margin of the Indo-Australian Plate. In the present study we use a new 'basis-set' approach to computing the predicted stress field. This approach allows the plate-boundary forces to vary over a range of forces and the intraplate stress fields predicted by a large combination of boundary forces can be assessed. Each predicted stress field is quantitatively compared with the observed stress field allowing determination of the optimal boundary force combination. The observed stress field used in this study is significantly refined from
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CHAPTER 5-Influences of plate-boundary forces on the regional intraplate stress field of continental Australia
The Indo-Australian Plate is unique compared to other plates in that the maximum horizontal stress ( Hmax ) orientation is not uniform and does not parallel the direction of absolute plate velocity. Consequently, the Australian continent provides an ideal setting in which to study the interaction between tectonic forces and the intraplate stress field. Finite-element modelling of the intraplate stress field of the Indo-Australian Plate using a new 'basis-set' approach enables the evaluation of a very large number (several million) of boundary and potential energy force combinations acting on the plate. Constraint for the modelling is provided by an 'observed' regional stress field based on observations in 12 stress provinces, which is greatly enhanced from the observed data used in previous modelling efforts. The results of the present study indicate that modelling of the Australian intraplate stress field is inherently non-unique in that a large number of different boundary-force combinations can produce similar predicted stress fields. Nevertheless a number of fundamental conclusions may be drawn about the tectonic forces acting along the principal plate-boundary segments: (i) the Himalayan and New Guinean boundaries exert a compressional force on the Indo-Australian Plate producing a stress focusing normal to the boundaries and rotating between them; (ii) fitting the stress field in the Bowen Basin requires compressional boundary forces along the Solomon and New Hebrides subduction zones directed towards the interior of the Indo-Australian Plate; (iii) east-west compression in eastern Australia requires only a small compressional force along the Tonga-Kermadec subduction zone; and (iv) fitting the stress field in southeastern Australia (Otway Basin and Gippsland Basin stress provinces) requires compressional forces along the New Zealand and south of New Zealand boundary segments. The orientation of the modelled stress field over most of Australia is robust with northeastern and southern Australia the most sensitive to variations in the plate-boundary force combination. Furthermore, the modelling suggests that large sections of eastern Australia exhibit a relatively isotropic stress field compared to the rest of Australia.
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that used in previous studies, with 12 stress provinces used to constrain the predicted stress field. A detailed description of the current Australian stress data is presented by Hillis and Reynolds (2002) .
At the outset we emphasise that the primary aim of this study is to fit the regional intraplate stress field of continental Australia using the primary tectonic forces (e.g. boundary and topographic) acting on the plate. We acknowledge that the conclusions drawn from our modelling results, like those of the previous investigations, are limited by the inherent non-uniqueness of the problem in that a large number of different boundary-force combinations can produce a very similar predicted stress fields. Given this caveat, we feel that our refined approach to modelling the intraplate stresses has allowed us to make an important advance in understanding the complex nature of the Australian intraplate stress field.
THE REGIONAL AUSTRALIAN INTRAPLATE STRESS FIELD
Inspection of the World STRESS MAP (Zoback 1992) clearly shows considerable scatter in Hmax orientation of the Australian intraplate stress field, particularly in comparison to other stable intraplate regions. This observed scatter has been reduced by the increase of A-C-quality data from 95 in the World stress map compilation to 331 in the current Australian stress map database (Hillis & Reynolds 2002 ). In addition the systematic variation of the stress field over the Australian continent has been further substantiated. A detailed description of the Australian stress field can be found in Hillis and Reynolds (2002) .
The current modelling study uses the mean Hmax orientation from 12 stress provinces in the Australian continent, as defined by Hillis and Reynolds (2002) , to constrain the modelled stress field. The stress provinces define significant regions of the earth's subsurface where the stress orientations are broadly consistent. Only 12 of the 16 stress provinces defined in Hillis and Reynolds (2002) are used to compare the modelled stress field (Figure 1 ). The four provinces that are not used are located at the collisional plate boundary in New Guinea and are characterised by Hmax orientations that are perpendicular to the plate boundary. Hence, Hmax orientations from these provinces are parallel to the force applied at the New Guinea boundary and thus, would provide only minor additional constraint on the modelled stress field.
Information relating to stress magnitudes can be obtained from shallow hydraulic fracturing and overcoring data and from deeper focal mechanism solutions, but not generally from the breakouts and drilling-induced tensile fractures in petroleum wells that constitute 50% of the Australia stress map database (Hillis & Reynolds 2000) . As a result there is significantly less information on stress magnitudes in the Australian stress map database than on stress orientations, with approximately half of the A-C-quality Hmax orientations having information on the stress regime. Of the data available, 60% indicate a thrust-fault stress regime, 27% indicate a strike-slip fault stress regime, 7% indicate a normal-fault stress regime and 6% indicate a mixed fault stress regime. Magnitude data is available for only around half of the stress provinces, and given the paucity of these data we used the available magnitudes only as a guide during the modelling. Furthermore, stress magnitudes (unlike stress orientations) appear to be sensitive to stress indicator type/depth (Hillis & Reynolds 2000) and thus exhibit a depth control that cannot be removed in the plate-scale modelling when the derived stresses are lithospheric averages. A weight of between 1 (highest) and 0 (lowest) was given to each province.
The reliability of the mean Hmax orientation in the 12 stress provinces varies depending on the number of measurements within the province and their standard deviation. As a consequence, each of the 12 observed stress orientations was given a weighting between 1 (maximum) and 0 (minimum) ( Table 1 ). This weighting was used in cal-
Figure 1
The 12 stress provinces used to constrain the predicted stress field. The length of each bar is proportional to the weight used in the calculation of the misfit between modelled and observed stress orientations. The four stress provinces in New Guinea are shown for comparison, but were not used in testing the fit of modelled to observed data.
culating the fit of each model to the observed data and is a direct measure of how consistent the stress orientations are within each stress province. Each weight was determined by computing the -R value for the province and then subtracting the -R value from the 90% confidence level used in the Rayleigh test (Davis 1986; . The weights were then scaled so the maximum weight applied was equal to 1. Any province with an -R value less than the 90% confidence level was automatically given a weight of 0, because the data within that stress province was considered random. Thus the weights applied ranged between 1 and 0. Figure 1 displays the mean stress orientation in each province, with the length of the bar indicating the weighting applied. The Flinders Ranges stress province has been allocated a weight of 0, as it fails the Rayleigh test at the 90% confidence level and is represented by a circle on Figure 1 .
MODELLING METHOD
Predictions about the magnitude and orientation of the tectonic stresses in the Indo-Australian Plate were made using a two-dimensional elastic finite-element analysis. The finiteelement grid represents a portion of a spherical surface consisting of 2527 constant-strain triangular elements composed of a network of 1374 nodes. This grid provides a spatial resolution of about 2°in both latitude and longitude. The sensitivity of the modelled stresses was therefore limited to large-scale tectonic features with wavelengths of a few hundred kilometres. Stress magnitudes were calculated for a lithosphere of constant thickness, assumed to be 100 km, and stress concentrations may occur where variations in the lithospheric thickness are present. In addition, we ignored any bending-moment stresses associated with the subducting plates, and the predicted stresses cannot be regarded as significant for locations within the flexural wavelength of such boundaries. All elements were assigned a Poisson's Ratio value of 0.25 (reflecting typical earth materials). In an effort to reflect the greater deformability of young oceanic lithosphere, the Young's Modulus for ridge elements younger than about 70 Ma were assigned a value about half (3.5 x 10 10 Nm -2 ) that of continental material (7.0 x 10 10 Nm -2 ). Static equilibrium is assumed based on the fact that the plate is not accelerating. The use of an elastic rheology to model whole-plate deformation is an oversimplification, although it is justifiable for the modelling of first-order tectonic stresses. Alternative rheologies, such as viscoelastic, are useful for studying how tectonic stresses relax over time.
A more detailed description of the finite-element modelling technique can be found in Richardson et al. (1979) , Richardson and Reding (1991) and . We have used three principal tectonic processes to model the forces acting on the Indo-Australian Plate: (i) ridge push; (ii) boundary tractions (representing both compressive collisional and slab pull forces); and (iii) buoyancy forces resulting from lithospheric density variations associated with continental margins, elevated continental crust and Lord Howe Rise (see discussions by Cloetingh & Wortel 1986; Richardson & Reding 1991) . The various tectonic forces acting on the Indo-Australian Plate are illustrated in Figure 2 . In order to ensure mechanical equilibrium, basal drag was applied only as needed to balance the net torque acting on the plate (as outlined by Richardson et al. 1979) .
In addition to the basic tectonic forces used in previous modelling studies (Cloetingh & Wortel 1986; Coblentz et al. , 1998 , we include the buoyancy force resulting from Figure 2 Indo-Australian Plate with the boundaries and forces used in the modelling. Orange arrows indicate mid-ocean ridge force, red and green arrows indicate plate-boundary forces determined from case 2 and 3 respectively and open arrows represent the force associated with continental margins. Note that during case 2 and 3 plate-boundary forces were allowed to apply compressional and tensional forces to the plate (only resultant forces are displayed). Also note that force arrows are not drawn to scale. Solid triangles indicate the direction of the subducting plate and open triangles indicates the Banda Arc. H, Himalaya; S, Sumatra Trench; J, Java Trench; B, Banda Arc; NG, New Guinea; SM, Solomon Trench; NH, New Hebrides; TK, Tonga-Kermadec Trench; NZ, New Zealand; SNZ, south of New Zealand; MOR, midocean ridge; cb, collisional boundary; sz, subduction zone; ia, island arc.
the lithospheric density variation associated with the Lord Howe Rise and the force associated with the plate boundary south of New Zealand. Lord Howe Rise is a large segment of continental crust that separated from the eastern side of continental Australia at ca 95-83 Ma as a result of the opening of the Tasman Sea (Gaina et al. 1998) . The plate boundary south of New Zealand is particularly complex consisting of the Puysegur Trench and the Macquarie Ridge Complex. These two additional forces have been included primarily to achieve a better fit to the observed stress field in eastern Australia.
Here we have extended the finite-element modelling approach used in previous intraplate stress modelling studies (Richardson et al. 1979; Cloetingh & Wortel 1986; Richardson & Reding 1991; Coblentz et al. 1994 Coblentz et al. , 1998 through the use of a 'basis-set' approach. The basis-set approach works by exploiting the linearity of the purely elastic model used for the analysis. This method allows a way to expand the utility of the elastic approach to the problem by providing a means to explore the nature of the solution space in the vicinity of a 'best-fitting' model in a forward sense. In the basis-set approach, we calculated the predicted stresses and resistive basal drag required to balance the torque exerted on the plate for a force of magnitude 1.0 x 10 12 Nm -1 acting along the individual boundaries (Table 3 ). The predicted stress field for various combinations of the tectonic forces is a weighted linear sum of this basis-set. Thus, various superpositions of the boundary forces acting on the plate can be evaluated in a matter of seconds rather than minutes as required by a new run of the finite-element model. This approach greatly increases the speed of the analysis and allows a detailed search for the best solution. For example, consideration of only three values for each of 20 tectonic forces would require approximately 109 finite-element runs, which in turn would require a prohibitive amount of computing time, despite the availability of fast computing platforms. An algorithm that computes the predicted stress through the addition of weighted linear combinations reduces the computation time required by several orders of magnitude. Evaluation of each model combination involves the determination of a misfit value for the predicted stress fields by averaging the difference between the 12 observed stress orientations and the closest modelled stress orientations. The difference between the observed and modelled stress orientations is multiplied by the weight given to the observed data, as described above. Consequently, the models can be ranked according to individual misfit values.
Topographic forces such as ridge push, elevated topography, continental margins and other lithospheric density anomalies remain unchanged throughout the model runs because they can be determined with relative confidence. The topographic forces range in magnitude from 2-3 x 10 12 Nm -1 for ridge push, 1-2 x 10 12 Nm -1 for continental margins and 6 x 10 12 Nm -1 for continental lithosphere with an elevation of 5000 m (Lister 1975; Parsons & Richter 1980) . Only plate-boundary forces at convergent plate margins and drag at the base of the plate were varied over the model runs. The magnitude of collisional forces at convergent plate boundaries and basal drag forces are poorly constrained with estimates varying by orders of magnitude (Solomon & Sleep 1974; Forsyth & Uyeda, 1975; Solomon et al. 1975) . Hence, the collisional forces were allowed to vary between specified limits.
In this study we use three different cases to demonstrate the fit that can be achieved by varying the tectonic forces along the northeastern margin of the Indo-Australian Plate. The first case uses solely the ridge push force with mechanical equilibrium achieved by homogeneously fixing the entire northeastern margin of the plate. This first case is equivalent to model 1 from and was used in this study as the basic model upon which the other two cases build. The second case consisted of the three collisional boundaries (Himalaya, New Guinea and New Zealand) applying an active force on the margin of the plate. The new basis-set approach was used in the second case to optimise the fit of the modelled stress field. The force on the collisional boundaries was allowed to vary between +1 and +5 x 10 12 Nm -1 . The third case in this study allowed all the boundaries surrounding the Indo-Australian Plate to apply a force. This case also used the new basis-set approach and required two separate sequences of model runs due to the large number of combinations. An initial coarse run (case 3 run A: Table 2 ) of 5 million models was undertaken to constrain a more detailed run (case 3 run B: Table 2 ). In the coarse run, forces on the 10 plate boundaries were allowed to vary between -6 and +6 x 10 12 Nm -1 , except for the three collisional boundaries, Himalaya, New Guinea and New Zealand, which were allowed to vary between 0 and +6 x 10 12 Nm -1 (Table 2) . This enabled the boundaries to range over values thought to be geologically plausible and also included values used in Each boundary was allowed to vary between the maximum and minimum force magnitude. All forces are x10 12 Nm -1 .
previous modelling studies (Cloetingh & Wortel 1986; Coblentz et al. 1998) . The coarse run was required to reduce the number of boundary force combinations, so a more detailed evaluation of boundary forces could be conducted. The more detailed run (case 3 run B) of approximately 23 million models was based on the average obtained from the best 10% of models in the coarse run. The constraints placed on each boundary for the more detailed run can be seen in Table 2 . The torque magnitudes and torque pole locations used for the basis-set of tectonic boundary forces (1 x 10 12 Nm -1 , directed towards the plate interior) are listed in Table 3 .
MODELLING RESULTS
Case 1: fixed northern and eastern boundaries
In case 1, only the force from the mid-ocean ridge was applied, with mechanical equilibrium achieved by homogeneously fixing the entire northern and eastern margins of the plate. The force generated from the mid-ocean ridge was distributed throughout the oceanic lithosphere. Only one model was calculated since the ridge force can be determined with relative confidence. The modelled Hmax orientations calculated from the application of ridge push have a consistent north-northeast-south-southwest orientation and are shown in Figure 3 . This model is termed model 1 for this study and is the same as that produced by Coblentz et al. ( , 1998 .
In general, the model produces an extremely poor fit over most of the Australian continent with the exception of the Amadeus and Bowen Basin stress provinces. The predicted Hmax orientations parallel the direction of absolute plate velocity, but not the observed Hmax orientations in continental Australia. The plate-boundary force configuration in other continental areas such as Western Europe, stable North America and South America, where Hmax orientations parallel the direction of absolute plate velocity, are simpler than those acting on the Indo-Australian Plate and are somewhat similar to the situation modelled here.
Case 2: applied collisional zone forces
In case 2, the basis-set approach was used, allowing the collisional boundaries of Himalaya, New Guinea and New Zealand to vary in force (Table 2) . Displacements along all Modelling the Australian stress field 57 Figure 3 Model 1 showing the predicted stress field from case 1 using the force from only the mid-ocean ridge with the northeastern plate boundary fixed. Note that for the purposes of creating the basis set all boundary forces are directed towards the interior of the plate.
other convergent plate boundaries were fixed. The boundary force combination with the smallest misfit between the predicted and observed stress field is shown in Figure 4 . The force applied at each boundary is listed in Table 4 . This model is considered the 'best-fitting' collisional boundary model and is termed model 2 for this study. The fit between the observed and modelled stress fields is very close in the western half of Australia. Also, the fit in the southeastern corner of Australia (Otway and Gippsland Basins) is good. However, the modelled stress field does not match the observed stress field in eastern Australia, particularly in the Cooper and Bowen Basins. This model is similar to model 3 of . However, the basis-set approach has allowed its optimisation with respect to the fit to the observed data. It is clear that, as stated by Coblentz et al. ( , 1998 , much of the variation of the stress field of Australia can be explained by this model. Hence, by solely focusing the ridge-push force against the collisional boundaries requires no need to appeal to poorly constrained forces at the subduction zone boundaries. However, since the modelled stress field does not fit the observed stress field well in eastern Australia we undertook a third case of models, which allowed the forces along all components of the northeastern convergent boundary of the Indo-Australian Plate to vary.
Case 3: all boundary forces active
Case 3 comprised an initial coarse run (A) to reduce the boundary force combinations so a more detailed run (B) could be made (Table 4) . Examination of the top 10% of models from the coarse model run revealed a number of boundaries had distinct magnitude ranges. The best fit to the observed data was obtained if the Banda and south of New Zealand boundary segments applied a compressional force on the Indo-Australian Plate. Hence these boundaries were restricted to positive force magnitudes for the detailed model run. A tensional force applied at the Java subduction zone provided a good fit to the observed data. Consequently the Java boundary segment was restricted to tensional (negative) force magnitudes for the detailed model run. Results from the coarse run were unable to provide further restrictions on the forces acting at the other subduction zones, Sumatra, Solomon, New Hebrides and Tonga-Kermadec. Thus, in the detailed model run these boundaries were allowed to range over both positive and negative force magnitudes. Himalaya, New Guinea and New Zealand collisional boundaries were all restricted to positive force values in the coarse model run. Consequently their force range was only refined by a small amount for the detail model run (Table 4) .
Results from case 3 run B indicated that averaging the force combination from a number of the best-fitting models significantly lowered the misfit value. The misfit value was minimised when the forces applied at each boundary from the five best-fitting models were averaged. Also, this boundary force ensemble is considered to be more tectonically plausible than the forces associated with the absolute lowest misfit value, since it reduces the forces acting along a number of boundaries to more closely match expected values. The average of the top five models is thus regarded as the 'best-fitting' model from the permutations considered in case 3 and is termed model 3 for this study (Table 4; Figure 5 ). This best-fitting model, while non-unique, can be considered to be a plausible representation of the tectonic forces acting on the Indo-Australian Plate, and the one that results in the intraplate stress field most consistent with the observed stress field shown in Figure 1 . The torques resulting from the force on each boundary used in model 3 are listed in Table  4 . The boundaries at Himalaya and south of New Zealand produce significantly more torque on the Indo-Australian Plate than the other boundaries. However, the combined torque of both these boundaries is less than that produced by ridge-push alone. Thus, the results from this modelling study are consistent with previous studies in that ridge push is the principal contributor to the intraplate stress field of the Indo-Australian Plate (Coblentz et al. , 1998 .
The combination of forces from model 3 exerts a net torque 4.9 x 10 25 Nm about a pole located at 47°S, 169°E. In order to ensure mechanical equilibrium of the plate, this torque has been balanced by a basal drag force acting along the base of the plate generated by plate motion about a pole located at 39.0°N, 140.9°E which yields a balancing drag torque of 4.9 x 10 25 Nm about a pole located at 47°N, 11°W. This drag torque was calculated using a drag coefficient that generates 1 MPa of shear stress on an element for a linear velocity of 1 cm/y at the equator and a plate velocity of 2.90 cm/y. The balancing drag torque is roughly parallel to the 58 Total torque magnitudes listed for each boundary using the forces from model 3. Also listed, are the average, standard deviation (stdev) and the maximum and minimum values from the top 100 best fitting models from case 3 run B.
S. D. Reynolds, D. D. Coblentz and R. R. Hillis
observed plate velocity direction in the western region of the plate and decreases to very small values beneath continental Australia. While we acknowledge the magnitude of the balancing drag torque is non-trivial (about half that generated by the ridge-push force), we interpret the balancing drag torque to be explainable in terms of a complicated flow pattern beneath the plate and do not venture a tectonic interpretation of its magnitude or orientation. This treatment of the basal drag force acting on the plate is justifiable given our modelling assumption that mechanical equilibrium can be ensured through the use of a balancing basal drag force. Information on the stress regime (stress magnitudes) was not included in the calculation of the misfit in this analysis. This was due to the lack of stress regime data available for all the stress provinces. However, in model 3, and most of the top models from case 3 run B, all stress provinces are characterised by thrust faulting conditions ( Hmax > Hmin > v ), which is broadly consistent with the limited stress regime information available. Consequently, including information on the stress regime would only have a very minor effect on the modelling. The stress field produced from the top 100 best-fitting models from case 3 run B predicts relatively low tectonic stress magnitudes for the Australian continent of between 20 and 45 MPa averaged over the thickness of the lithosphere (100 km). In contrast, modelling by Cloetingh and Wortel (1986) calculated tectonic stress magnitudes of over 100 MPa for the Australian continent. The lower tectonic stress magnitudes predicted here principally result from the inclusion of topographic forces.
Stress trajectory mapping is a technique for identifying the regional stress field (Hansen & Mount 1990; Lee & Angelier 1994) . Hillis and Reynolds (2002) have applied the stress trajectory mapping technique to the same stress data from which the stress provinces were calculated. It is not possible to use the stress trajectory map to constrain the modelling, although a comparison can be made with the modelling results. The best-fitting model from case 3 and the stress trajectory map from Hillis and Reynolds (2002) are consistent over much of Australia (Figure 6 ). The stress trajectory map corresponds with the modelled stress field better than the stress province data used to constrain the model in a number of areas such as the Amadeus and Sydney Basins. However, some areas at the edges of the stress trajectory map fit poorly with the modelled stress field. This is due to the lack of stress data constraining the stress trajectories at the edges of the map.
MISFIT BETWEEN THE OBSERVED AND MODELLED STRESS ORIENTATIONS Western Australia
The western part of Australia is characterised by an east-west Hmax orientation in the Carnarvon Basin and Perth region and a northeast-southwest Hmax orientation in the Canning and Bonaparte Basins. These Hmax orientations cannot be accounted for by ridge push alone as calculated in model 1 (Figure 3) . The large misfit between the modelled and observed Hmax orientations for model 1 is shown in Figure 7 . The regional observed stress field in the Perth region has a particularly poor match with the stress field produced by the ridge-push model, being almost perpendicular to the predicted stress orientation (Figure 3) . Application of a compressional force on the Himalayan and New Guinean boundary segments in model 2 results in a close match between the observed and modelled Hmax orientations in the western part of Australia (Figure 4) . The misfit in all five stress provinces has been significantly reduced from that of model 1 (Figure 7) . Further reduction in the misfit is achieved when all of the boundaries actively apply a force in model 3 ( Figure 5; Figure 7) . However, the reduction Modelling the Australian stress field Figure 4 Model 2 showing the predicted stress field of the best-fitting model from case 2, where only the collisional boundaries were allowed to vary.
in the misfit between model 2 and 3 for the western section of Australia is not considered significant. In the case of the south Bonaparte Basin stress province, the misfit actually increased slightly between models 2 and 3 (Figure 7) .
The results indicate that the inclusion of a tensional force along the Java subduction zone in model 3 only has a minimal influence on the predicted s Hmax orientations in the region. The subduction zone at Sumatra does not influence the stress field in the western part of Australia as witnessed by the large range of forces applied to the boundary in case 3 run B (Table 4) . Furthermore, the forces applied along the subduction zone at Sumatra do not influence the stress field predicted anywhere in Australia due to Australia's position relative to this subduction zone. However, it should be noted that the subduction zone at Sumatra might still have a significant influence on the stress field in the Indian Ocean and continental India. For the purpose of this study comparisons were only made with observed stress data for Australia. Overall, the principle features of the observed stress field in the western part of Australia can be accounted for by application of a compressional force on the Himalayan and New Guinea boundary segments and without the requirement of forces along the subduction zone segments.
Central Australia
The stress field in central Australia is characterised by two contrasting orientations. The Amadeus Basin exhibits a north-south Hmax orientation while the Cooper Basin exhibits a strongly developed east-west Hmax orientation (Figure 1) . The predicted Hmax orientations from model 1 closely match the observed Hmax orientation in the Amadeus Basin, but are approximately perpendicular to the observed Hmax orientation in the Cooper Basin (Figure 3) . Application of tectonic forces at only the collisional boundaries on the Indo-Australian Plate in model 2 cannot produce the north-south to east-west change in Hmax orientation seen in central Australia (Figure 4) . Collisional boundary models can fit the observed stress field in the Amadeus Basin but not in the Cooper Basin. However, it should be noted that the Cooper Basin stress province has a more reliable regional Hmax orientation than the Amadeus Basin based on the consistency of observed stress data in the stress province.
The predicted stress field in the Cooper Basin can be modelled to fit the observed if subduction zone boundaries are allowed to exert a force on the Indo-Australian Plate. However, the fit between modelled and observed stress fields in the Amadeus Basin must be compromised in order to fit the Cooper Basin ( Figure 5 ). In order to fit the Figure 5 Model 3 showing the predicted stress field of the best-fitting model from case 3 run B, where all boundaries were allowed to apply a force to the Indo-Australian Plate. Basin which occurs over a short distance compared to plate boundary force induced rotations. Nevertheless, in models where the predicted Cooper Basin stress orientation matches the observed, the predicted northeast-southwest stress orientation in the Amadeus Basin corresponds very well with the stress trajectories for the region (Figure 6 ). Observed stress measurements in the Amadeus Basin may be influenced by local structure in the two thrust-related anticlines (Mereenie and Palm Valley Fields) from which much of the observed data for this region are sourced.
In order to generate an east-west stress field in the Cooper Basin the Tonga-Kermadec subduction zone was required to exert a slight compressional force on the IndoAustralian Plate. Previous modelling by Cloetingh and Wortel (1986) applied a substantial tensional force along the Tonga-Kermadec subduction zone. However, this produces a north-south Hmax orientation through central and also eastern Australia, which is not consistent with the observed stress data. The results from the top 100 best-fitting models from case 3 run B show a consistent compression of around +1 x 10 12 Nm -1 is required from the Tonga-Kermadec subduction zone to match the observed stress data (Table 4) . Both the Solomon and New Hebrides subduction zones apply a substantial compressional force to the Indo-Australian Plate in the top 100 best-fitting models from case 3 run B. This force also constitutes towards an east-west Hmax orientation in the Cooper Basin by balancing the compression exerted from the southeastern boundaries (New Zealand and south of New Zealand).
Eastern Australia
The stress field of eastern Australia is characterised by two main trends. Northeastern Australia exhibits of a strong north-northeast-south-southwest Hmax orientation in the Bowen Basin, while southeastern Australia exhibits a consistent northwest-southeast Hmax orientation in the Otway and Gippsland Basins. The Sydney Basin, located midway between these two areas, is characterised by northwest-southeast Hmax orientation. However, the Sydney Basin stress province was given a very low weighting for the misfit calculations due to the highly scattered nature of the stress field (Hillis et al. 1999) . The consistent north-northeast-south-southwest stress field predicted by model 1 corresponds poorly to the highly variable observed stress field in eastern Australia (Figure 3 ). Only the observed stress field in the Bowen Basin provides an adequate match for the predicted stress field from model 1.
In model 2 the application of a force at the collisional boundaries also cannot match the observed stress field throughout eastern Australia (Figure 4) . If compressional forces are applied at the collisional boundaries, predicted stresses match the observed northwest-southeast Hmax orientation in both the Otway and Gippsland Basins. This is a result of the New Zealand boundary segment exerting a substantial compressional force on the Indo-Australian Plate (Table 4) . Nonetheless, the modelled stress field in the Sydney and Bowen Basins does not match the observed. In the Sydney Basin the modelled Hmax orientation using only collisional boundary forces is approximately perpendicular to the observed Hmax orientation determined using the stress province data. However, the observed stress data in the Sydney Basin are scattered and stress trajectories for the region are approximately perpendicular to the stress province orientation (Figure 6 ). The modelled stress field using only collisional boundaries provides a good fit with the stress trajectories for the Sydney Basin, and the misfit to the stress province data for the Sydney Basin is not seen as significant. The modelled and observed Hmax orientations in the Bowen Basin differ by approximately 45°when applying forces only at the collisional boundaries (Figure 4 ). This is a result of the Hmax orientation rotating between the New Zealand and New Guinea boundaries. Thus, the observed stress field in the Bowen Basin cannot be modelled using forces applied at only the collisional boundaries.
The best-fitting model from case 3 provides an adequate fit over much of eastern Australia ( Figure 5 ). To successfully model the observed stress field in the Bowen Basin requires Figure 7 Misfit between the observed and predicted stress field from the bestfitting models of the three cases used in this study. Lines indicate average misfit for case 1, ridge-push model (orange); case 2, best-fitting collisional boundaries model (red); and case 3, best-fitting all boundaries model (green).
the Solomon and New Hebrides subduction zones to exert a compressional force on the Indo-Australian Plate. This compression has the effect of rotating the Hmax orientation in the Bowen Basin in an easterly direction from that generated by the collisional boundaries in case 2. Results from the top 100 best-fitting models from case 3 run B indicate that both the Solomon and New Hebrides subduction zones are required to consistently exert a substantial compressional force on the Indo-Australian Plate (Table 4 ). The observed northwest-southeast Hmax orientation in both the Otway and Gippsland Basins is successfully modelled by exerting a compressional force along the New Zealand and south of New Zealand boundary segments (Figure 4 ; Table 4 ). A substantial force was required on the boundary south of New Zealand in order to counteract the force applied by the northern boundaries of Solomon and New Hebrides. The modelled northwest-southeast Hmax orientation in the Sydney Basin from the best-fitting model in case 3 was the same orientation as that produced using just the collisional boundaries in case 2 and hence does not match the stress province data, but does match the stress trajectory data.
VARIABILITY IN THE MODELLED STRESS FIELD
Despite using a greatly improved observed-stress dataset, the results of the modelling herein demonstrate that a significant amount of ambiguity remains when modelling the plate-boundary forces responsible for the stress field of continental Australia. The top 100 best-fitting models from case 3 run B predict stress orientations across the continent that are visually similar, but result from substantially different forces on certain boundaries (Table 4) . Thus, absolute force magnitudes acting on particular boundary segments cannot be constrained. Nonetheless, broad conclusions have still been determined about the nature of the force at particular boundary segments from this study.
The circular standard deviation was calculated for the top 100 best-fitting models from case 3 run B in order to quantify the variation in predicted stress orientations (Figure 8 ). Predicted stress orientations over much of the Australian continent have a very low circular standard deviation of less than 10°. Nevertheless, the circular standard deviation has highlighted two areas where the predicted stress orientations are extremely variable (areas A and B in Figure 8 ). These areas of high circular standard deviation are a result of the low differential horizontal stress magnitude predicted in both areas (Figure 9) . Hence, the predicted tectonic stress field in both these areas is relatively isotropic and is highly sensitive to changes in the forces applied to the plate boundaries. If the model predictions are correct and these areas exhibit low tectonic stress anisotropy, observed stress orientations in these areas are likely to be dominated by local stress sources and thus highly variable. However, this statement cannot be assessed due to the lack of observed stress data in these areas. The northeastern area (A) holds the greatest potential to further constrain the plate-boundary forces along the northeastern boundary.
The stress field throughout the western part of Australia is consistent in the top 100 best-fitting models from case 3 run B (Figure 8 ). The general consistency between the observed and modelled stress fields for the western region indicates the robustness of the tectonic models as a result of the compressional forces applied at the Himalayan and New Guinean boundaries throughout all models. The tectonic forces generate a stress field with high horizontal anisotropy in the western region (Figure 9 ). Thus, local sources of stress do not apparently influence the horizontal stress orientations. This explains the consistent observed tectonic stress field is robust in the area (Figure 8 ). The average difference between the two tectonic horizontal stress magnitudes is approximately 7 MPa (Figure 9 ). Thus, even though the modelled stress orientations are consistent in the Sydney Basin, the small difference between the two tectonic horizontal stress magnitudes allows local sources of stress to play a critical role in the province. As previously mentioned, the observed stress field in the Sydney Basin is reasonably scattered, suggesting that local sources of stress such as those due to topography may dominate the stress field of the Sydney Basin. The fact that the predicted stress orientation in the Sydney Basin is consistently modelled perpendicular to the stress province direction but parallel to stress trajectories further suggests that local sources of stress strongly influence stress orientations in the Sydney Basin.
THE NATURE OF PLATE-BOUNDARY FORCES
Results from this study indicate a number of interesting conclusions can be made about the nature of the plateboundary forces despite significant ambiguity still existing regarding the absolute magnitude of forces along most plate boundaries. For example the subduction geometry along the Java, Sumatra, Solomon and New Hebrides trenches (with the Indo-Australian Plate subducting under the adjacent overriding plate) might suggest that tensional slab-pull forces act on the Indo-Australian Plate along these boundaries. However, our modelling results predict that tensional slab-pull forces exist only along the Java subduction zone. Along the Tonga-Kermadec subduction zone the Indo-Australian Plate is overriding the Pacific plate with backarc spreading occurring on the Indo-Australian Plate side, suggesting the existence of tensional forces related to the Tonga-Kermadec subduction zone. Since the modelling results predict a moderate compressional force along this boundary, we conclude that tensional forces associated with backarc spreading are not transmitted into the plate interior. Thus, the nature of the forces predicted along the subduction zones surrounding the Indo-Australian Plate suggest that the net slab-pull force is being reduced by other forces such as slab resistance and as consequence slab-pull exerts only a second-order control on the stress field of continental Australia. The boundary south of New Zealand, which consists of the Puysegur Trench and the Macquarie Ridge Complex (Sutherland 1995) was required to exert a substantially greater force on the Indo-Australian Plate than was initially expected. The total torque produced by this boundary on the Indo-Australian Plate was approximately the same magnitude as the total torque produced by the Himalayan boundary (Table 4) . A large compressional force on the boundary south of New Zealand is supported by other geophysical data, with a number of studies proposing that the area is experiencing regional deformation (DeMets et al. 1988; Valenzuela & Wysession 1993; Spitzak & DeMets 1996) . The southern Tasman Sea, an area to the west of the Macquarie Ridge Complex, appears to be undergoing significant regional deformation as suggested by the diffuse intraplate seismicity and the presence of three parallel southeast-trending gravity undulations (Valenzuela & Wysession 1993) . The tectonics of the area has been likened to the internally deforming area of the Indian Ocean (Valenzuela & Wysession 1993) . Thus, we feel that a large force on the boundary south of New Zealand is tectonically plausible given the agreement between the predicted and observed stress data used in this study as well as other geophysical data for the region.
CONCLUSIONS
The observed regional stress field in continental Australia, as defined by 12 stress provinces, cannot be modelled using the force generated from the mid-ocean ridge alone. However, applying a force on the collisional boundaries of Himalaya, New Guinea and New Zealand produces a modelled stress field that corresponds well to all but two of the stress provinces (Cooper and Bowen Basins). Further refinement of the fit between the modelled and observed stress field is achieved by using a combination of principal tectonic forces from all plate boundary segments along the Indo-Australian Plate.
This study finds, as discussed in previous investigations, that a number of different boundary force combinations can produce similar predicted stress fields and thus it is not possible to uniquely define the plate boundary forces acting on the Indo-Australian Plate by modelling the intraplate stress field. Despite this limitation, results indicate the following key points:(i) compressional forces act along the Himalaya and New Guinea boundaries to produce stress-focusing normal to those boundaries and stress rotation between them; (ii) the observed stress field in the Bowen Basin requires compressional forces along the Solomon and New Hebrides subduction zones; (iii) east-west compression in areas of central Australia requires moderate compression acting along the Tonga-Kermadec subduction zone: the fit between the predicted and observed stress field degrades with the application of extensional force along this boundary; (iv) modelling stresses in southeastern Australia (specifically in the Otway and Gippsland Basin stress provinces) requires compressional forces along the New Zealand and south of New Zealand boundary segments; and (v) extensional forces act along the Java subduction zone: the Australian stress field is not sensitive to the forces acting along the Sumatran boundary segment.
The orientation of the modelled stress field over most of Australia is robust for a number of the best-fitting models, with predicted stresses in northeastern and southern Australia the most sensitive to variations in the plateboundary force combination. Additional data in northeastern Australia has the greatest potential to further constrain the plate-boundary forces acting along the northeastern plate boundary.
